Leishmania chagasi, the cause of South American visceral leishmaniasis, requires iron for its growth. However, the extent to which different iron sources can be utilized by the parasite is not known. To address this question, we studied acquisition of iron from lactoferrin and transferrin by the extracellular promastigote form of L. chagasi during growth in vitro. A promastigote growth medium based on minimal essential medium supplemented with iron-depleted serum supported promastigote growth only after the addition of exogenous iron. The addition of 8 ,uM iron chelated to lactoferrin or hemin resulted in normal promastigote growth. Ferritransferrin also supported promastigote growth, but only after a considerable lag. Promastigotes grown in all three iron sources generated similar amounts of hydroxyl radical upon exposure to hydrogen peroxide, indicating that none of these protected parasites against generation of this toxic radical. Promastigotes were able to take up "9Fe chelated to either transferrin or lactoferrin, although uptake from 59Fe-lactoferrin occurred more rapidly. 59Fe uptake from either "9Fe-transferrin or "9Fe-lactoferrin was inhibited by a 10-fold excess of unlabeled ferrilactoferrin, ferritransferrin, apolactoferrin, apotransferrin, or iron nitrilotriacetate but not ferritin or bovine serum albumin. There was no evidence for a role for parasite-derived siderophores or proteolytic cleavage of ferritransferrin or ferrilactoferrin in the acquisition of iron by promastigotes. Thus, L. chagasi promastigotes can acquire iron from hemin, ferrilactoferrin, or ferritransferrin. This capacity to utilize several iron sources may contribute to the organism's ability to survive in the diverse environments it encounters in the insect and mammalian hosts.
Most microorganisms, including bacteria and protozoa, require iron for their survival. Indeed, the ability to efficiently acquire iron within a mammalian host is often an essential component of microbial virulence (11, 16) . Iron is poorly soluble at physiologic pH; thus, mammals and other animals store the metal complexed to one of several iron-binding proteins (7) . Transferrin and lactoferrin are the principal extracellular forms of iron (6, 7) , whereas intracellular iron is predominantly stored in the form of ferritin (45) . Under normal conditions, these compounds are less than fully saturated with iron, resulting in negligible concentrations of free iron in mammalian serum or tissues. Therefore, microorganisms must effectively compete for protein-complexed iron in order supply their own needs and survive in a host (6) . Many bacteria acquire iron by the secretion of siderophores, lowmolecular-weight compounds with high affinity for iron that can effectively compete with host proteins for iron. Ironsiderophore complexes are taken up by the bacterium of origin through a specific bacterial membrane receptor (10, 14, 30) . Bacteria that do not secrete siderophores possess alternate mechanisms for iron acquisition, such as receptors that bind host iron-binding protein lactoferrin or transferrin (3, 18, 22, 48) , proteases that cleave iron-binding proteins and thus release iron in a form useful to the bacterium (33) , or reductases that reduce ferric iron, thus causing its release from transferrin or lactoferrin (20) . Some organisms utilize several of the above means of acquiring iron from a host.
Leishmania spp. are dimorphic protozoa that spend part of parasite develops in the sand fly gut, and it is this form which the sand fly inoculates into human (or other mammalian) skin. The promastigote subsequently undergoes phagocytosis by a macrophage and converts to the obligate intracellular amastigote stage (36) . Both the intracellular and extracellular forms of Leishmania spp. require iron for growth in vitro (9) , often supplied in the form of hemin or other heme-containing compounds. However, the compounds from which the parasite acquires iron within a mammalian host or insect vector have not been delineated. Leishmania spp. are defective in the heme biosynthetic pathway and require exogenous heme for growth (8) . There is evidence for the existence of a receptor on Leishmania mexicana that facilitates the binding of heme or other metalloporphyrin compounds to promastigotes (15) . These receptors could also facilitate the uptake of heme-bound iron. Recent publications have documented the existence of transferrin receptors on three species of Leishmania and on the related organism Trypanosoma brucei (41, 46, 47) . Since promastigotes are usually cultivated in media containing serum which possesses abundant amounts of ferritransferrin, and these media are often also supplemented with hemin (9), it is not clear whether iron must be supplied in the form of heme compounds, ferritransferrin, or both in order to support promastigote growth. Although iron is necessary for Leishmania growth, recent data from our laboratories have suggested that parasiteassociated iron may also contribute to the organism's susceptibility to killing by host macrophages by acting as a catalyst for the formation of hydroxyl radical ('OH) from hydrogen peroxide (H202) (49) . Hydroxyl radical was detected with spin trapping technology after exposure of promastigotes to H202.
Promastigotes were protected from H202-mediated killing by the iron chelator deferoxamine (49) . However, not all storage forms of iron are able to catalyze OH formation. Our prior experiments were performed with promastigotes which had been cultivated in vitro with hemin as an iron source. The effect of different exogenous iron sources on the presence of catalytic iron within the organism, and therefore its potential to catalyze cytotoxic OH upon H202 exposure, is not known.
Using the South American parasite Leishmania chagasi, we investigated the ability of this protozoan to utilize iron bound to different physiologic and nonphysiologic chelators. We found that the parasite has the ability to take up iron bound to lactoferrin or transferrin and that lactoferrin, transferrin, or hemin can each support promastigote growth. The impact of promastigote growth in the presence of these various iron chelates on the formation of OH upon H202 exposure was also investigated.
MATERIALS AND METHODS
Parasite culture and growth studies. A strain of L. chagasi originally isolated from a patient in Brazil was kindly provided by Richard Pearson (University of Virginia). Amastigotes were isolated from the spleens of infected hamsters and allowed to convert to promastigotes by cultivation in a modified minimal essential medium (HOMEM) with 10% heat-inactivated fetal calf serum and hemin (8 ,uM) as previously described (35) . Parasites were used within 21 days of isolation from an infected hamster. Promastigote cultures were seeded at 106 promastigotes per ml and used after 2 to 3 days in logarithmic phase or 5 to 7 days in stationary phase of growth (49) .
During growth studies, promastigotes were suspended in HOMEM with 10% iron-depleted fetal calf serum (see below). To assess the effect of exogenous iron chelates on promastigote growth, the desired chelate was added to the medium to a final iron concentration of 8 ,uM. Aliquots (0.1 ml) were removed from cultures at daily intervals for 9 days, and the concentration of promastigotes was determined microscopically. Iron chelates examined were human milk diferrilactoferrin, human diferritransferrin, hemin, horse spleen ferritin, and ferric nitrilotriacetate (NTA) (reagents from Sigma Chemical Co., St. Louis, Mo.).
Preparation of iron-depleted serum. After heat inactivation, low-molecular-weight components were removed by centrifugation through a Centriprep-30 (Amicon, Danvers, Mass.) and stored at 4°C. The pH of the remaining high-molecular-weight components (which include transferrin) was lowered to <5.0 with 1 N HCl. After the addition of EDTA to 10 mM, this was dialyzed against phosphate-buffered saline (pH 7.4) with chelex beads. Treated high-molecular-weight components were combined with low-molecular-weight components and filter sterilized. This procedure resulted in removal of 67% of total iron as determined by ferrozine assay (6, 25 Investigations of potential secreted siderophore-like molecules. Promastigotes in logarithmic or stationary phase of growth were suspended at 5 x 107/ml in WTBS and incubated at 26°C for 6 h. Parasites were then removed by centrifugation, leaving conditioned medium containing molecules secreted by promastigotes. Two milliliters of 59Fe-transferrin or 59Fe-lactoferrin (approximately 100,000 cpm/ml) was placed in 12,000-to 14,000-Da membrane exclusion tubing and dialyzed against 15 ml of conditioned medium containing 0.02% sodium azide to prevent bacterial contamination. At time intervals from 0 to 22 h, aliquots of the medium were removed and the accumulated 59Fe was quantitated on a gamma counter. The control flask contained 59Fe-transferrin or 59Fe-lactoferrin dialyzed against WTBS which had not been exposed to promastigotes. As a positive control, in some conditions WTBS medium was supplemented with 100 ,ug of the Pseudomonas aenrginosa siderophore pyoverdin per ml. Pyoverdin, purified to uniformity from broth culture (10) Cleavage of extracellular transferrin and lactoferrin by promastigotes. Stationary-or logarithmic-phase promastigotes were suspended at 5 x 107/ml in WTBS and incubated with 2 ,ug of ferritransferrin or ferrilactoferrin per ml. After incubation at 26°C for 0 to 24 h, promastigotes were removed by centrifugation and supernatants were boiled in sample buffer containing sodium dodecyl sulfate (SDS) and ,-mercaptoethanol. Samples were electrophoretically separated on SDS-polyacrylamide gels, and transferrin or lactoferrin was detected by immunoblotting with polyclonal rabbit antiserum to human lactoferrin (Organon Tenika, West Chester, Pa.) or human transferrin (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). Blots were incubated with peroxidase-conjugated anti-rabbit immunoglobulin G and developed with the enhanced chemiluminescence system (Amersham, Arlington Heights, Ill.) as previously described (4) .
Electron spin resonance spectroscopy. Promastigotes were grown in medium depleted of iron, and 8 ,uM iron complexed to different iron chelates was also added. After one passage, they were suspended at 108/ml in medium containing 0.1 mM diethylenetriaminepentaacetic acid (DTPA; Sigma Chemical Company) and 100 mM 5,5-dimethyl-pyrroline-1-oxide (DMPO1; Sigma) to which was then added 0.2 to 1 mM H202. The suspension was transferred to a quartz flat electron paramagnetic resonance spectrometry cell, and spectra were obtained at 25°C with an electron paramagnetic resonance spectrometer (Bruker Model ESP 3000, Bruker, Karlsruhe, Germany). conditions, spin trapping of hydroxyl radical yields the characteristic four-line spectrum (AN = AH = 14.9 G) of 2,2-dimethyl-5-hydroxy-1-pyrrolidinyloxyl (DMPO/0OH).
Statistical analysis. Groups were compared by the t test with SigmaStat software (Jandel, San Rafael, Calif.).
RESULTS
Growth of promastigotes in media containing different iron-binding proteins. Leishmania spp. are usually grown in medium with ferritransferrin-containing serum, often supplemented with hemin. In order to determine which iron sources were required for parasite growth, we developed an ironlimited derivative of our standard HOMEM growth medium. We depleted serum of iron bound to transferrin (80 kDa) by lowering the pH of the high-molecular-weight serum components to less than 5.0. At that pH, iron bound to transferrin is readily transferred to EDTA, which can then be removed by dialysis (6) . Promastigotes did not multiply in medium containing iron-depleted serum, whereas supplementation with 8 ,uM iron in the form of either hemin or ferrilactoferrin supported near-normal promastigote growth (Fig. 1) . Cultures supplemented with hemin reached a concentration of 4.0 x 10 /ml compared with 4.9 x 107/ml reached by parasites grown in standard HOMEM at day 7 of culture, indicating that 8 ,uM hemin did not fully replete the components depleted by treatment of serum. Iron bound to the nonphysiologic chelate NTA also supported normal promastigote growth, although ferritin did not (not shown). Ferritransferrin was also able to support promastigote growth but only after a several-day lag, implying that induction of a mechanism necessary for acquiring iron from ferritransferrin was first required (Fig. 1) . Regardless of the iron source employed, organisms grown in different iron sources were morphologically identical to promastigotes cultured in HOMEM.
Uptake of "9Fe from lactoferrin or transferrin. Promastigotes were able to remove iron from either ferritransferrin or ferrilactoferrin in vitro. We found an efficient early uptake of 59Fe bound to lactoferrin ( Fig. 2A) , and this uptake was partially inhibitable by a 10-fold excess of unlabeled ferrilactoferrin. A higher concentration of unlabeled iron source could not be provided because of the toxicity of high iron concentrations for promastigotes. Promastigotes also took up 59Fe from transferrin, inhibitable by a 10-fold excess of unlabeled ferritransferrin (Fig. 2B) . The uptake of 59Fe from ferritransferrin was consistently delayed in comparison with uptake from ferrilactoferrin. For instance, during the first hour of incubation in 59Fe-transferrin, promastigotes took up only (3.8 ± 2.1)% (n = 8) of the maximal 59Fe uptake at 20 h. In contrast, during the first hour of incubation in 59Fe-lactoferrin promastigotes took up (22.2 + 4.7)% (n = 3) of the maximal 59Fe uptake (20 h). The difference between the proportion of total 5 Fe acquired by 1 h incubation in transferrin and that in lactoferrin was statistically significant (P < 0.001).
Iron uptake was affected by the growth phase of parasites, with higher amounts of iron acquired from either ferrilactoferrin (Fig. 2C) or ferritransferrin (Fig. 2D) Fig. 2A and C) . L. chagasi promastigotes were able to acquire 59Fe from either bovine or human transferrin (not shown). This is in contrast to some bacteria that are able to utilize iron bound to human but not bovine transferrin (32, 43) .
Preincubation of promastigotes in a 10-fold excess of either unlabeled ferrilactoferrin or ferritransferrin inhibited the uptake of 59Fe bound to lactoferrin (Fig. 3A) . The unconjugated (apo-) form of either lactoferrin or transferrin also inhibited 59Fe uptake. 59Fe uptake from transferrin was similarly inhibited by unlabeled lactoferrin or transferrin regardless of whether iron-loaded (Fig. 3B) or apo-forms of the proteins (Fig. 3C) were employed. Other experiments (not shown) demonstrated that uptake of 59Fe from both 59Fe-lactoferrin and 59Fe-transferrin was inhibited by Fe-NTA but not by bovine serum albumin or ferritin.
A receptor-mediated process is classically associated with saturability and inhibition by unlabeled (cold) ligand. The above findings are compatible with such a process in L. chagasi. Pinocytosis can contribute to macromolecular uptake, but the process should not be altered by a 10-fold increase in chelate concentration. However, a number of mechanisms used by other microbes for iron acquisition could potentially demonstrate cold inhibition. Uptake of 59Fe via secretion of a siderophore-like molecule could be saturable. However, siderophore-mediated uptake should not be inhibited by the apo-form of the protein, unless such molecules had greater affinity for free iron than the siderophore (31) . A process involving proteolytic cleavage of transferrin and/or lactoferrin could also be inhibited by the presence of both apo-and iron-loaded forms of the protein, depending on the specificity of the protease. Further experiments were therefore required to assess the role of these potential mechanisms in Leishmania iron acquisition from transferrin and lactoferrin.
Lack of evidence for siderophore-mediated uptake of iron.
Secreted products of logarithmic-or stationary-phase promastigotes were tested for their abilities to remove 59Fe from transferrin or lactoferrin ( because free 59Fe diffused more easily into WTBS buffer alone than into either conditioned medium or pyoverdin-containing WTBS, both of which likely had a higher osmotic pressure than WTBS. The bacterial siderophore pyoverdin removed significant amounts of 59Fe from both transferrin and lactoferrin. In contrast, conditioned medium from promastigotes in either growth phase did not remove significant amounts of 59Fe from either transferrin or lactoferrin. The apparent trend of 59Fe removal from lactoferrin by promastigote-conditioned medium did not achieve statistical significance and remains unexplained. Nonetheless, true siderophore activity should result in significant removal from both compounds, and this observation is unlikely to reflect the presence of a siderophore.
Lack of promastigote-mediated cleavage of iron-binding proteins. In order to determine whether proteolytic cleavage of extracellular iron-binding proteins might in part account for the ability of promastigotes to utilize these compounds, we incubated promastigotes in medium containing iron-loaded lactoferrin or transferrin. After removal of promastigotes by centrifugation, residual transferrin or lactoferrin in supernatants was detected on immunoblots. Neither ferritransferrin nor ferrilactoferrin in the medium appeared to be cleaved by promastigotes, even after a 24-h incubation (Fig. 4) . Promastigotes were also unable to cleave apolactoferrin or apotransferrin.
Generation of hydroxyl radical from hydrogen peroxide by promastigotes grown in different sources of iron. As noted in the introduction, we have previously obtained data suggesting that the oxidant species ultimately responsible for intracellular killing of Leishmania spp. in an activated human macrophage may be hydroxyl radical ('OH), generated from H202 via the Fe +-catalyzed Fenton reaction. These studies showed that OH is generated upon exposure of promastigotes to H202 via its interaction with endogenous iron stores in the parasite (49 (FeLF) , apolactoferrin (apoLF), or apotransferrin (apoTF). At time zero, 740 nM 59Fe-chelate was added. At the indicated times, duplicate aliquots of promastigotes were removed and spun through sucrose, and incorporated 59Fe was assessed as described in Materials and Methods. (A) Uptake of 59Fe-lactoferrin in the presence of iron chelates; (B) uptake of 59Fe-transferrin in the presence of iron-loaded chelates; (C) uptake of 59Fe-transferrin in the presence of apoproteins.
with different iron chelates to support the generation of OH from H202. The addition of H202 to promastigotes grown in hemin, ferrilactoferrin, or ferritransferrin resulted in the generation of similar amounts of OH (Fig. 5) . Thus, the acquisition of iron from any of the supplemental sources did not protect parasites from storing a catalytically active form of intracellular iron.
DISCUSSION
In humans and other animals, extracellular iron is tightly complexed to iron-binding proteins, primarily transferrin in serum and lactoferrin on mucosal surfaces (6) . Thus, the concentration of free iron in a mammalian host is negligible, challenging the invading microbe to scavenge stored forms of iron from the host. Not all chelated forms of iron can be utilized by microbes (37) . The current study was undertaken to investigate the biochemical forms of iron that can be utilized by the pathogenic protozoan L. chagasi and to begin to characterize the mechanisms by which this iron is acquired.
Promastigotes were able to utilize iron bound to transferrin, "WTBS medium to which had been added 100 ,ug of the P. aeruginosa siderophore pyoverdin per ml. At time zero, 2 p.g of ferritransferrin, apotransferrin, ferrilactoferrin, or apolactoferrin per ml was added. Parasites were removed by centrifugation at the indicated times, and samples for SDS-polyacrylamide gel electrophoresis were prepared from supernatants. The presence of transferrin (A) or lactoferrin (B) was detected on immunoblots of these supernatants, incubated with polyclonal antisera to transferrin or lactoferrin. No evidence of cleavage, detected as either the disappearance of the intact (80-kDa) band or the appearance of lower-molecular-weight immunoreactive proteins, was observed. Gels are representative of four separate experiments. lactoferrin, hemin, or NTA to supply their growth requirements in vitro. However, growth in the presence of diferric transferrin occurred only after a lag of several days, in contrast to other sources. Consistent with these results, uptake of radiolabeled iron from lactoferrin by promastigotes occurred rapidly, whereas uptake from transferrin occurred after a short delay. Since our promastigotes are routinely cultivated in medium with supplemental hemin, it is possible that the mechanism for ferritransferrin acquisition must be up-regulated before it can be utilized by the parasite. In contrast to these extracellular iron chelates, ferritin, the principal intracellular form of eukaryotic iron storage, was unable to support promastigote growth (data not shown).
The ability of Leishmania promastigotes to take up radiolabeled iron bound initially to transferrin or lactoferrin was markedly decreased in the presence of a 10-fold excess of cold lactoferrin or transferrin. Similar cold inhibition is commonly seen with a receptor-mediated uptake mechanism. Indeed, several bacterial pathogens acquire iron bound to transferrin and lactoferrin via a specific membrane surface receptor for these proteins (1, 22, 26, 29, 42) . Voyiatzaki (41) and Trypanosoma cruzi (24, 44) . Evidence for a human lactoferrin receptor on Tichomonas vaginalis has been presented previously (23) , as well as debated reports of a transferrin-binding protein on Plasmodium falciparum-infected erythrocytes (17, 39 (41) . The function of a mechanism for obtaining iron from human transferrin or lactoferrin by the extracellular promastigote form of Leishmania spp., which exists in a mammalian host for only a period of several hours at the onset of infection, is less apparent. Uptake of iron from transferrin or lactoferrin by promastigotes may be critical in the first hours after infection of a mammalian host. Alternatively, it is possible that Leishmania spp. could use this process to sequester iron while they are bathed in a blood meal within the sand fly gut after ingestion by the insect. This notion is consistent with our observation that the rapidly growing logarithmic-phase promastigotes, which are analogous to developing forms found in the sand fly gut (38, 40) , take up iron more readily than stationary-phase organisms. The latter more closely resemble the fully infectious parasites inoculated by the sand fly into a mammalian host (12, 40) . Interestingly, although only limited data exist it appears that insects also utilize forms of transferrin and ferritin for iron storage and transport (2, 19, 21) . Thus, it is possible that iron acquisition from the sand fly version of transferrin could be important in promastigote development within the insect vector.
At the same time that iron acquisition is critical for the growth and replication of Leishmania spp., promastigoteassociated iron could also prove deleterious to the organism. Leishmania promastigotes encounter H202 upon entry into a host mononuclear phagocyte (28, 34) . We previously showed that exposure of L. chagasi to H202 results in the generation of the highly reactive compound 'OH as a consequence of the interaction of H202 with a promastigote source of iron (49) . Hydroxyl radical may be the final pathway causing H202-mediated microbicidal activity against the organism, a process which is likely important in the human macrophage defense against this pathogen (27, 28, 34) . Although it seemed possible that iron acquired by the organism from different chelates may be stored in forms which are either more or less effective in catalyzing the formation of cytotoxic OH, this was found not to be the case.
In summary, we have shown that L. chagasi promastigotes have the capacity to acquire iron for growth from transferrin, lactoferrin, and other physiologic and nonphysiologic iron chelates. The capacity to utilize a variety of iron sources underscores the flexibility of the organism's growth requirements and its ability to adapt to different growth conditions. This capability may contribute to the ability of Leishmania spp. to cycle between diverse environments found in the mammalian host and the insect vector. A rigorous definition of the mechanism(s) of iron acquisition, and discovery of means of depriving the organism of iron required for its growth, could contribute to our ability to treat disease caused by this organism.
